Abstract Trees of genus Populus (in our context primarily poplars) are predominantly grown in Sweden in small plantations on arable land in southern and central parts of the country to produce biomass for energy and other purposes. This study evaluated the effects (i) of poplar plantations on groundwater quality, by determining differences in leaching of nitrogen and phosphorus to groundwater, and (ii) of poplar and hybrid aspen plantations on soil quality in terms of carbon in the top-and subsoil. The study was conducted comparing Populus plantations in Sweden with adjacent fields with cereals and grasslands. The experiment concerning the groundwater leaching was conducted in eight poplar plantations along three growing seasons (2012)(2013)(2014)(2015). For the soil carbon experiments, 19 poplar and two hybrid aspen plantations and the respective reference fields were sampled. NO 3 -N leaching from poplar plantations was significantly lower than that from reference fields with cereals, but not when compared with grasslands. Spring NO 3 -N leaching was significantly lower in poplars than in the reference fields, whereas leaching of NO 3 -N in autumn did not differ. Concentrations of PO 4 -P in the groundwater of poplar plantations were lower compared to the respective ones of the reference fields. There were no clear trends observed when comparing carbon concentrations in the topsoil of the poplar and hybrid aspen plantations compared to the respective adjacent reference fields. For the subsoil, the average carbon concentrations in the poplar and hybrid aspen plantations were equal to the respective ones of cereals, but were higher when compared to grassland.
Introduction
Trees of genus Populus (in our context, we primarily refer to poplars and secondly to hybrid aspens) are predominantly grown in Sweden in small plantations on arable land in southern and central parts of the country to produce biomass for energy and other industrial purposes. In the 1980s and 1990s, many plantations were established on small areas of set-aside agricultural land, mainly for demonstration purposes and to assess their productivity. During that period, the most frequent poplar clones planted were OP 42 (Prunus maximowiczii Henry × Populus trichocarpa Torr. and Gray), followed by balsam poplar (P. balsamifera L.), and black cottonwood (P. trichocarpa). However, in recent years, the growing demand for biomass for energy in Sweden has increased the interest in poplars and other fast-growing lignocellulosic species suitable for short rotations [1] . Although still limited in extension planted, about 1744 ha of Populus plantations in Sweden in 2014 entails 1322 ha of poplar and 422 ha of hybrid aspen plantations [2] .
In addition to their use as a biomass production system, these type of fast-growing plantations present potential advantages for environmental and ecosystem services. Extensive research has already been conducted to estimate the environmental performance of fast-growing tree species such as willows grown as short rotation coppice under controlled conditions [3, 4] , in commercial fields to assess groundwater and soil quality (e.g., as in [5, 6] ) or based on life cycle assessment (e.g., as in [7, 8] ). However, similar studies for poplars are scarce in Nordic conditions due to their limited area planted and their more recent establishment as a viable biomass production system for energy. It has been suggested that poplar plantations can perform comparably to willows in terms of nitrogen leaching when well established [3] . In fact, it has been reported that poplars grown for several years showed significantly reduced nitrate concentrations in their groundwater even compared to willow fields of similar management [9] . Despite indications that poplars can present reduced leaching in the groundwater in large-scale plantations retaining high amounts of nitrogen in the soil-plant system, extensive research on this issue is missing.
At the same time, there have been indications that leaching of phosphates from willow short rotation coppice is equal or higher than from adjacent reference fields [5] , although there have been other authors suggesting that willow short rotation coppice reduces the phosphate leaching in agricultural landscapes [10, 11] . Concerning leaching of phosphates in poplar plantations, research has, yet again, been rather limited; no phosphorus leaching when wastewater and sludge was applied to poplars grown in clay-soil lysimeters [3] , and very low leaching via drainage water from sand-soil lysimeters. However, patterns of phosphorus leaching are usually difficult to predict and are dependent on several factors [12, 13] and this raises some uncertainty on phosphorus leaching from poplar fields, especially when compared with other arable fields in the area.
Several authors have indicated that establishing poplar plantations grown in short rotations could be a means to increase carbon in the soils of agricultural landscapes [14] [15] [16] [17] [18] , replacing therefore common agricultural crops with the aim to mitigate carbon losses from the soil, and simultaneously produce biomass for energy that will replace fossil fuels. However, there have been other authors suggesting that soil carbon sequestration when poplars are planted in agricultural soils is not always evident [19] [20] [21] , and that this can depend on a series of factors that are usually site-specific [19, 22, 23] . It has been concluded that the site-specific variability in the effects of SRC on the soil carbon pool is high, that previous studies may not have covered a sufficiently long period to detect significant changes in soil carbon stocks, and that the fundamental mechanisms responsible for soil organic carbon accumulation in poplar plantations are not well understood.
In this paper, we aim at comparing a number of poplar and hybrid aspen plantations grown for a number of years in Sweden with respective reference fields with common agricultural crops (cereals and grassland) adjacent to the plantations, thus having the same soil conditions. The objectives of this study related to water quality are to determine leaching of nitrogen and phosphorus to groundwater of poplar fields in Sweden, and to quantify the differences in nitrogen and phosphorus leaching between these fields and adjacent arable fields grown with conventional crops. Concerning soil carbon, similar comparisons in the top and subsoil are conducted aiming to identify potential differences between the land uses. Our hypotheses were that the NO 3 -N and PO 4 -P concentrations in groundwater in poplar fields would be lower than that from reference fields with ordinary crops, and that soil carbon would be higher both in the topsoil and subsoil of the poplar plantations compared to the reference fields.
Materials and Methods

Site Description
In total, 21 locations were investigated ( Fig. 1 ) located in southern (13) , western (1), and central-eastern (7) Sweden. For groundwater quality (N = 8), only poplar plantations were studied. For the soil samples (N = 21), both poplar and hybrid aspen plantations were considered. The plantations were selected so as they (i) were at least 10 years old; (ii) had adjacent arable fields with the same soil texture that could be used as Table 1) reference; and (iii) were located at flat areas that could be used for establishing groundwater pipes at the same ground level as for the reference fields in order to facilitate comparisons. All fields fulfilled the above criteria except for field located at Stöpen (field 16) which had younger plants with very good growth ( Table 1) . No poplar field included in our experiments was fertilized. In the case of reference fields, fertilization followed standard practices. In the case of grasslands, no fertilization had been conducted; however, in Billinge, the only possible reference field in the area that we could establish a groundwater pipe was a grassland used for feeding horses. In the case of cereals, the common fertilization recommendations had been followed (120-140 kg N ha −1 for average yields, 10-20 kg P ha −1 depending on soil P status, and 0-10 kg potassium (K)) [29] . A typical crop-rotation cycle had been followed throughout all years.
Sampling and Analyses
Three groundwater pipes were installed at each poplar field and one in their reference fields in spring 2012. In total, 32 groundwater pipes were installed: 24 in poplar fields located near the field border adjacent to the respective reference field and 8 in reference fields (in places that would not disturb farming mechanical activities, mainly close to field edges near the poplar field when possible or near drainage wells). Holes were drilled down to the groundwater table using an auger. The average depth for the pipes in the different fields was 1.5 m. In all locations, the pipe length in poplars and in respective reference fields was nearly the same. PVC pipes with 50 mm diameter and with slits up to 0.5 m from the bottom were installed in the holes. To prevent clogging with soil particles, the base of each pipe was covered with a fiber cloth up to the slits. The holes were then filled with gravel followed by granulated bentonite clay to prevent short-cut flow of water along the pipe wall. Finally, at the top, a 110-mm PVC pipe with a cap was installed around each pipe to prevent contamination. Samples for chemical analyses were taken using a manual vacuum pump. Before sampling, the groundwater pipes were evacuated, and then a 100-ml sample of fresh groundwater was collected in a plastic jar. Sampling was conducted according to other studies for groundwater sampling for assessing leaching [3] , since on structured clayey soils, hardly any other useful non-destructive method to estimate leaching in a field situation exists. Sampling was planned to be conducted from spring 2012 to summer 2015 on a regular basis. The samples were taken once a month, approximately around the same period in all the sites; however, in 26] for methods) and other sources [27, 28] some cases, there was no water available in the pipes, and on the other hand, the sampling was intensified during autumn and snow-melting periods when extensive drainage was assumed. In total, 436 measurements were taken (109 × 4). All collected samples were analyzed for NO 3 -N and PO 4 -P. The analytical methods for nitrogen were according to the Swedish standard SS02813. For phosphorus, the SS-EN ISO 6878:2005 was used. All phospectrometric measurements were performed using the system Konelab Aqua 60. Concerning the soil analysis, samples of topsoil (0-20 cm) and subsoil (40-60 cm) were taken from all 21 poplar and hybrid aspen fields and their reference fields. Three samples were taken in the poplar/aspen plantation matching three samples in the reference field, in both cases ca. 5-10 m from the border of the field and with a distance of ca. 15 m between sampled spots, resulting on 252 measurements. Each topsoil sample consisted of six pooled subsamples taken within a circle with a radius of two meters. In the subsoil sampling, four subsamples were pooled together into one.
The samples were dried at 30-40°C until constant weight. Total carbon was measured on an elemental analyzer (LECO CH-2000) where 1 g of sample was heated to 1250°C for 5 h. The soil texture was not determined in the lab, but existing information from the land owners and previous experiments was used.
Statistical Analyses
The analysis for differences between reference plots and poplar for NO 3 -N and PO 4 -P concentrations were presented using boxplots, representing the median as well as the higher and lower quartiles, which allows better description of the distribution followed by the data. Comparisons were established for groundwater and soil quality records, including any potential seasonal effects between spring and autumn. Due to the hierarchical structure of the measurements, aggregated by plantation, a mixed model approach was taken in which a fixed effect (the overall differences between poplar plantations and reference fields) was combined to a random effect representing the individual plantation, as a grouping level, thus discriminating between-sites variability from betweenmeasurements variability within the same site and addressing the potential auto-correlation of the data. The generalized mixed models followed the general structure:
where y is the dependent variable related to the concentrations in site i, poplar is a dummy variable that is 1 when the measurement is on a poplar plantations and 0 otherwise, μ i is the between-site random factor, and μ ij is the final error term (measurement j on site i). Therefore, the p value of the β 1 was used to assess differences between poplar plantations and reference plots, and the significance of this parameter was set at the 0.05 level. Model variations were constructed to test for seasonal differences. For the NO 3 -N and PO 4 -P concentrations on water, the dependent variable presented a non-normal distribution including many zero values. To accommodate this data structure, the models were based on a Poisson distribution, using the log link function. For the soil carbon, the dependent variable was treated as a percentage that presents a minimum and a maximum threshold (0 to 100%, respectively). In this case, the dependent was normalized using the logit transformation, following:
where c are the measured carbon concentrations in soil. Since there were no observations with the exact threshold values (0 or 100%), no further transformations were needed, the data was treated assuming normal distribution, and the p values of the parameters of the fixed part of the models were established using a t value. Finally, comparisons were established between the plantations' measured concentrations of NO 3 -N, PO 4 -P, and Carbon and their respective yields. The calculations were based on the package nlme [24] and lme4 [25] in the R version 3.2.0 [30] .
Results
The reference plots showed higher NO 3 -N concentrations in the groundwater than in poplar plantations, which was significant both when cereals and grasslands were used for reference. In the case of cereals, the NO 3 -N was particularly high, nearly five times higher median concentrations than in the case of poplar fields. Concerning PO 4 -P, the concentrations were also lower in poplar fields, although these differences were only significant when using grasslands as reference fields (Fig. 2) . These averages entail the whole experimental period (spring 2012-spring 2015). These differences were consistent along seasons: in the case of NO 3 -N in both seasons, and in the case of PO 4 -P only in autumn (Fig. 3) , according to the generalized mixed models applied ( Table 2 ).
The NO 3 -N concentrations in the groundwater were in general higher in cereal plots except for the Sätuna trial (Sätu), with particularly large differences in Bjärsjölagård (Bjär) and Sångletrop (Sång). NO 3 -N concentrations were however lower in the groundwater of the references located at Billinge (Bill) which was located on grasslands. Concerning PO 4 -P, there were no clear trends, as each trial presented opposite trends; concentrations were lower in the references at Billinge (Bill) and Krusenberg 1 (Kru1), and higher in Krusenberg 2 (Kru2) and Sångletrop (Sång) (Fig. 4) .
Concerning soil carbon, in the topsoil, the average concentrations of soil organic carbon were similar to the reference fields (p value = 0.085, t = 1.738, indicating no significant differences), either when cereals (p value = Fig. 3 Averages of NO 3 -N and PO 4 -P concentrations in the groundwater of all poplar plantations and reference fields during spring (March until June) and autumn (September until December). The boxes represent the upper and lower quartile, the bands, and the upper and lower 10%, and the central line corresponds to the median (boxplot). Concentrations are shown in logarithmic scale 0.154, t = 1.438) or grassland (p value = 0.336, t = 0.975) was used as a reference. Similarly, in the subsoil, there were no differences (p value = 0.242, t = 1.176) although the values were slightly higher than in adjacent grasslands (p value = 0.057, t = 1.968). However, the same was not observed when cereals were used as reference (p value = 0.983, t = 0.021) (Fig. 5) .
For the individual fields, no clear trends could be observed concerning soil organic carbon concentrations (Fig. 6 ). In the topsoil (0-20 cm), concentrations were higher in poplar plantations at 8 from 13 locations where cereals were the reference and in 3 out of 8 locations where grassland was the reference. In the subsoil (40-60 cm), concentrations were higher in poplar in 6 out of 13 locations where cereal was the reference and in 5 out of 8 where grasslands were the reference. Finally, there was no relationship between the concentrations of NO 3 -N and PO 4 -P and the productivity of the plantations studied. In the case of soil carbon concentrations, there was a weak linear correlation (p value = 0.013, t = 2.547) in the topsoil, and no trend regarding the subsoil measurements was found (Fig. 7) .
Discussion
The present study analyzed the groundwater and soil quality of poplar plantations in Sweden, compared to agricultural fields in the same locations. The locations of the sites analyzed were representative of the management practices and areas where poplar is planted in Sweden [2, 27, 28, 31] . The results showed that the NO 3 -N concentrations in the groundwater of poplar fields were lower than in reference fields, with the median from all poplar fields being 0.12 mg/l. These values can be compared with the upper EU limit for NO 3 -N in groundwater which is equal to 11.3 mg/l, and it is a confirmation of previous results suggesting that NO 3 -N leaching in well-established fast-growing tree plantations is usually lower than in agricultural fields (e.g., for willows [3] and poplars [32] ). The low NO 3 -N concentrations are often attributed to the fact that these plantations are usually not fertilized with nitrogen and to their perennial character, which implies increased nitrogen uptake during the high leaching periods of early spring and late autumn. However, there were two poplar fields (Billinge and Sätuna) where the median of NO 3 -N concentrations in the groundwater throughout the experimental period was higher in poplars than in the reference fields. In Billinge, the grassland was in the lower part of a horse farm where horses were regularly fed with grass, and this could explain the higher concentrations in that field. In the case of Sätuna, the plantations presented a high yield during the former cutting cycles and a large standing volume, but the age of the plantation (ca. 25 years) indicated the current growth rate was low. In addition, the groundwater pipe in the reference cereal field was established in an area surrounded by big stones, which perhaps did not appropriately represented the leached water from the field.
Concerning seasonal peaks, autumn leaching peaks were not avoided when poplars were compared with reference fields, in contrast to spring leaching peaks. This probably means that despite poplars having an established root system, their roots do not remain active late in the autumn period as it has been observed for willow trees in [33] . To limit even more nitrogen leaching in poplar fields, species having root activity in winters should be identified and used. Uninterrupted growth can also be a factor that decreases nitrogen leaching in fast-growing plantations, and therefore, shorter rotations can be expected to have a positive effect on nitrogen leaching.
The differences between NO 3 -N and PO 4 -P concentrations reflect the different mechanisms for leaching in the groundwater: for NO 3 -N, it is related to water percolation since NO 3 -N is not bound to the soil particles and is very mobile, whereas PO 4 -P is usually bound to the soil particles therefore having less predictable leaching patterns [34, 35] and its (40-60 cm) concentrations in the drainage water in actual values are usually much lower than for NO 3 -N. This was also depicted in our study, where NO 3 -N concentrations in groundwater were in general considerably higher than these of PO 4 -P. PO 4 -P in the groundwater were lower in the poplar plantations compared to both cereals that have been applied with phosphorus via fertilizers, but especially also compared to grasslands that have not been applied with fertilizers. Phosphorus was not applied in the poplar fields, and our results indicate that risk for phosphorus leaching will be limited from such plantations. This agrees with [3] and [11] that have not observed phosphorus leaching from poplars in clay soils in Sweden and in a sandy poplar field in N. Ireland, respectively. In our experiments, most median concentrations in the poplar and reference fields presented very low values (close to 0.1 mg/l) and there were no clear trends that could be seen for fields on clay or sand.
We found no differences in the carbon concentrations in the topsoil (0-20 cm) of poplars both when compared with adjacent fields of cereals or grassland. This does not agree with the predominant belief that growing fast-growing tree species offer elevated carbon amounts in the soil compared to other land uses. In the case of poplars, these come in several cases from results from the field and are not only perceptions. For instance, it was concluded in [15] that hybrid-poplar plantations accreted soil carbon at the rate of 1.6 Mg ha −1 year −1 greater than other land uses, and that soil-carbon sequestration was higher in poplar plantations compared to adjacent corn crops in south-eastern Spain [36] . Moreover, an impact on soil quality in terms of elevated carbon concentrations of a 10-year-old short rotation coppice poplar stand compared with intensive agricultural and uncultivated systems has been observed [37] . In our study, the average age of the plantations was ca. 21 years; the large majority was over 20 years old when samples were taken, and only two fields were younger than 10 years having, however, rather high standing biomass for their age. This means that most of the plantations in our study were close to the end of their growing cycle. Our results indicate that there is no evidence that poplar and hybrid aspen plantations that have grown for ca. 20 years will result in higher carbon concentrations in soil when replacing other land uses in the agricultural Swedish landscape. This result confirms studies for younger poplar plantations in other parts of the world that showed no increase in soil carbon: e.g., it was found that there was no evidence of changes in soil organic carbon in poplar plantations in the topsoil relative to adjacent agricultural soils when considered for stand ages up to 12 years [38] , and the same was reported in [39] where no difference in soil carbon between poplar and other land uses (7-8 years old average age) were found. Moreover in [40] , no significant changes in the topsoil in the first 15 years of poplars following afforestation of agricultural soils in China were reported. It is unclear if after some more years these poplar plantations finally indicated higher carbon concentrations in the topsoil compared to alternative land uses. It is recognized that site- Fig. 7 Concentrations of NO 3 -N, PO 4 -P, and carbon in top-and subsoil from the poplar plantations investigated, according to their estimated productivity specific factors affect the accumulation patterns of soil carbon in the topsoil, e.g., cultivation in poorer sandy soils might favor soil carbon increases in the topsoil [36, 37, 41] , and the fundamental mechanisms responsible for soil organic carbon accumulation in poplar plantations are in general not well understood [19, 22, 23] .
For Sweden, the maximum period that a poplar plantation can be used for energy purposes on an agricultural site is, according to the current legislation, 20 years. Judging from our results, an increase of soil carbon from bioenergy poplar plantations is unlikely to occur in Swedish topsoils following the current management practices that have been applied in the sites included in our study. At this point, it is worth mentioning again that the poplar sites included in the study represent an average situation and were by no means selected in terms of, e.g., best production figures. We also found a weak positive correlation between biomass production of poplar plantations and soil carbon in topsoil, which implies that well-managed poplar plantations resulting in high biomass production might be the key to higher carbon concentrations in topsoils.
According to our results, elevated concentrations of carbon compared to other land uses occur on the other hand in subsoil. We have found that carbon in the subsoil of poplars compared to grasslands was higher, which was rather unexpected considering the high potential of grassland to store carbon. This comes into agreement with several studies who found that soil carbon in the subsoil was higher in poplar plantations than adjacent arable land [32, 36, 42] . The concentrations of soil carbon in the subsoil in actual values are much lower than the ones in topsoil (in our case a factor of 5-8 times lower), but if such an effect is common in Swedish soils and not site-specific, then a significant impact due to soil carbon increases in deeper soil layers (with comparatively less decomposable carbon than in topsoil) can be expected where poplars are grown.
Conclusions
The main conclusions of our study, in which comparisons of groundwater quality and soil carbon of a number of commercial poplar plantations with adjacent arable fields were conducted, were that: & NO 3 -N leaching from poplar fields was significantly lower than that from reference fields with cereals. & No similar observations occurred when compared with grasslands & The differences in NO 3 -N leaching between poplar and reference fields were higher in spring than in autumn. & PO 4 -P concentrations in the groundwater of poplars were similar compared to cereal fields, but lower compared to grassland. & Soil carbon concentrations in the topsoil of poplar plantations were not higher than these in adjacent fields.
